We recorded sleep EEG longitudinally across ages 9-18 years in subjects sleeping at home. Recordings were made twice-yearly on 4 consecutive nights: two nights with the subjects maintaining their ongoing school-night schedules and two nights with time in bed extended to 12 hours. As expected, school-night total sleep time (TST) declined with age. This decline was entirely produced by decreasing NREM sleep. REM sleep durations increased slightly but significantly. NREM and REM sleep durations also exhibited different age trajectories when sleep was extended. Both durations exceeded those on school-night schedules. However, the elevated NREM duration did not change with age whereas REM durations increased significantly. We interpret the adolescent decline in school-night NREM duration in relation to our hypothesis that NREM sleep reverses changes produced in plastic brain systems during waking. The "substrate" produced during waking declines across adolescence because synaptic elimination decreases the intensity (metabolic rate) of waking brain activity. Declining substrate reduces both NREM intensity (i.e. delta power) and NREM duration. The absence of a decline in REM sleep duration on school-night sleep and its age-dependent increase in extended sleep pose new challenges to understanding its physiological role. Whatever their ultimate explanation, these robust findings demonstrate that the two physiological states of human sleep respond differently to the maturational brain changes of adolescence. Understanding these differences should shed new light on both brain development and the functions of sleep.
Introduction
It is now accepted that adolescence is a period of extensive brain reorganization. Synaptic density, cerebral metabolic rate, and non rapid eye movement (NREM) delta EEG activity decline steeply and in parallel (21) . These developmental brain changes presumably underlie the emergence of adult cognitive power (11) . We recently delineated the longitudinal time course of the adolescent decline in NREM delta (1-4 Hz) EEG power. It falls by over 60% between ages 11 and 16.5 years, when its rate of decline markedly slows. This period of rapid decline may define brain adolescence (5) . NREM delta power continues to decline after age 16.5 years but at a slower rate. By late middle age, it has fallen a further 50% (22) .
Another major change in sleep physiology during adolescence (at least in developed countries) is a substantial decline in school-night total sleep time (TST) (c.f. 40). A recent crosssectional survey of 4032 Australian youth, 9-18 years of age, reported that TST on school-nights decreased by an average of 12 min/year. Questionnaire surveys cannot determine the relative contributions of NREM and REM sleep to changes in TST. This distinction requires EEG recording. One major goal of the present study was to determine with longitudinal recordings how NREM and REM durations change as school-night TST declines across adolescence. We also investigated adolescent changes in NREM and REM durations during extended sleep by having subjects remain in bed for 12 hours.
Our findings reveal robust differences in the adolescent trajectories of NREM and REM durations on both school-night and extended sleep schedules. NREM and REM sleep are qualitatively different states of brain organization, in which neuronal discharge rates, neuronendocrine patterns, and cerebral metabolic rate differ grossly. Their markedly different trajectories across adolescence demonstrate differential effects of late brain maturation on NREM and REM sleep physiology.
Methods
The methods of our longitudinal study have been previously described (5, 6) and are briefly summarized here.
Subjects
Data are from sixty-seven subjects in two age cohorts. Cohort C9 (n=30, 16 female) entered the experiment at approximately 9 years of age (mean age at entry = 9.31 years), and cohort C12 (n=37, 19 female) entered at approximately 12 years of age (mean age 12.29 years).
The data presented are from the first 6 years of the study. The combined cohorts span ages 9 to 18 years with three years of overlap (ages 12-15 years). All 67 subjects completed at least 3 years of the study. Fifty-six subjects completed all 6 years. Parents provided informed consent for all subjects, and subjects older than 12 years provided assent. Subjects were paid for their participation. The UC Davis Institutional Review Board approved all procedures.
Study design
Twice a year, at approximately 6 month intervals, all night EEG was recorded for 4 consecutive nights with subjects sleeping at home in their own beds. On the first two nights (usually Wednesday and Thursday), subjects went to bed at their current habitual weekday bedtime and arose at their weekday rise time. On the third and fourth nights (Friday and Saturday), subjects retired at their school-night bedtimes but were instructed to sleep as long as possible (up to 12 hours). While the school-night schedules are essentially naturalistic, the extended nights are not a model of the typical weekend sleep of adolescents. Adolescents typically go to bed later and awaken later on weekends. We required that bedtimes be kept to those of the ongoing school-night schedule and that time in bed be extended. This requirement was intended to minimize circadian changes on the patterns of extended sleep.
Below, we first present the results for NREM and REM sleep durations on school-nights (nights 1 and 2) and then report the findings for extended sleep (nights 3 and 4). For nights 1 and 2, of the 804 possible subject recordings (67 subjects x 12 recordings), 37 were lost due to subject attrition and 30 recordings could not be used because of recorder or electrode failure on both nights 1 and 2. When both nights 1 and 2 were usable, we used the two-night average as the data point for the semiannual recording. For night 3, the first extended night, 523 nights of data were usable. Of these 523 recordings, 414 also had usable night 4 data. Extended night data for nights 3 and 4 were treated separately rather than being averaged because night 4 follows a shorter period of waking due to extended sleep on night 3.
To reduce night to night variability in sleep schedule, we required subjects to maintain their regular school-night schedules for the 5 nights prior to EEG recording and for the first two nights of study. Napping was prohibited throughout this period. Subjects wore actigraphy watches (Minimitter A16) to confirm compliance with the required schedules. Recordings were canceled and rescheduled if actigraphy revealed deviations from required schedules. Across the 6 years of the study, adolescents progressively reduced their time in bed on school-nights. We accepted these changes and performed our recordings on each individual's current school-night schedule. We scheduled recordings during the school year when possible, but it was necessary to perform some recordings (17%) during summer vacations in order to complete the study. For summer recordings, subjects maintained the weekday (school) sleep schedule of the preceding school year. Compliance was more difficult to achieve during summer vacations; therefore, we included "summer" as a covariate in the analyses.
EEG recording
At the subjects' homes, technicians applied EEG electrodes at Fz, Cz, C3, C4, O1 and either O2 or Pz with A1 and A2 mastoid electrodes. EOG electrodes were applied at the left and right outer canthi and referred to an electrode applied in the center of the forehead. Technicians did not stay to monitor the recording throughout the night.
EEG was recorded on Grass H2O ambulatory EEG recorders for the first 9 semiannual recordings. We switched to Grass Aura recorders during the 10 th recording period when Grass discontinued support for the H2O. (The H2O and Aura showed virtually identical frequency response curves across the 1-4 Hz frequency range used in the analyses of delta power). Signals were digitized at 200 Hz for the H2O and 400 Hz for the Aura, saved on the recorder's disk, and downloaded to laboratory computers for analysis. The recorders have a push-button event marker that subjects were instructed to use to indicate "lights off" time. Of the 737 subject recordings used in the sleep duration analysis, only 562 had identifiable lights off time. On 175 recordings the subjects either did not press the button or the button press did not register. On these nights we could not determine sleep onset latency or total time in bed, although we could measure TST, NREM, and REM durations.
EEG analysis
The digitized EEG was displayed on a computer monitor for visual sleep stage scoring using PASS PLUS (Delta Software, St. Louis). Each 20 second epoch was scored as wake, stage 1, NREM, REM, or movement using Rechtschaffen and Kales (31) criteria modified by collapsing stages 2, 3, and 4 into one NREM stage. EEG was scored by one scorer and checked by a second scorer. Discrepancies were resolved by a senior lab scientist (IGC). The data were collected over a 6 year period and scored as they were collected. Scorers changed during the study with turnover of laboratory personnel. All scorers were trained by the same senior lab scientist and were required to achieve 95% agreement before they were allowed to score new recordings. Despite these efforts, statistical analysis revealed small but significant differences among scorers. We therefore included scorer as a covariate in the statistical analyses.
The main sleep duration variables were all-night time in bed (TIB), sleep onset latency, wake after sleep onset, total sleep time (TST), and its two components NREM and REM durations. Epochs with body movement, stage 1, and wake after sleep onset were not included in TST but were included in TIB. Sleep onset latency was the time from the push button marker of lights out to the beginning of sustained sleep, defined as 5 consecutive minutes of NREM or REM sleep uninterrupted by an epoch scored as wake. TIB was the duration of recorded EEG from push button to final morning waking. Wake after sleep onset included both wake and movement time between sleep onset and the final morning awakening. We also measured the durations of consecutive NREM periods (NREMPs) and REMPs 1-4 on school-night sleep. We restricted these cycle analyses to subjects with 4 or more complete cycles. Cycles were defined according to Feinberg and Floyd criteria (16) . In children, the first NREM period can be abnormally long if a skipped first REM period is not recognized (20, 24) . We split these long NREM periods into two when the epoch by epoch plots of delta power showed two clear peaks separated by a valley of at least 10 minutes duration. In such cases, the REM duration for cycle 1 was 0 min. Since this power measure is expressed per unit time, it is independent of NREM sleep duration.
Statistical analysis
Age-related changes in the sleep duration were evaluated with linear mixed effect analysis (SAS, Proc Mixed). The analysis provided estimates of the intercept and slope and their standard errors. This analysis also allowed us to determine the significance of the relation between a dependent variable and the independent variable, age. Mixed effect analysis is wellsuited for longitudinal data because it accounts for the inherent correlation of repeated measures from the same subject and effectively accommodates missing data (32, 37) . We also used SAS Proc Mixed to examine relations with covariates controlled. As noted above, we evaluated the effects of "summer" and "scorer." Also, we tested for sex differences in the age-change in sleep duration by including "sex" as a class variable.
We used bivariate mixed models to test whether the developmental trend in two variables were related. Thus, we tested whether the age-related decline in NREM duration on school nights was related to the age-related decline in delta power. We also tested if the age-related decline in TST on school-nights was related to the age-related increase in TST on extended nights. For both analyses we used SAS Proc Mixed linear models for both variables with intercepts and slopes random and tests for significant covariance in their age-related rates of change (i.e. slopes). In addition to linear models, we used Winbugs (33) to fit Gompertz equations to the age-related changes in NREM duration and delta power and to test for covariance among the parameters of the Gompertz equations.
Results

A. School-night Schedules
Time in bed, sleep onset latency and sleep efficiency Across ages 9-18 years, adolescents significantly (F 1,491 =243, p<0.0001) reduced their time in bed ( Fig 1A) . Linear mixed effect analysis (MEA) estimated the decline at 13.1 (+/-s.e. = 0.8) min/year from the intercept of 575 (+/-4) minutes at age 9 years. The change in time in bed resulted from progressively later bedtimes (Fig 1B; TST declined significantly (F 1,668 = 176, p<0.0001) by 10.3 (+/-0.8) min/year from an intercept of 515.9 (+/-4.2) minutes at age 9 years (Fig 2A) . TST declined across adolescence entirely because of a significant (F 1,668 = 395, p<0.0001) reduction in NREM sleep duration ( Fig   2B) which decreased by 12.0 (+/-0.6) min/year from 417.9 (+/-3.9) minutes at age 9 years. In contrast, REM sleep duration (Fig 2C) increased slightly but significantly (F 1,668 = 26.4, p<0.0001) at a rate of 1.9 (+/-0.37) min/year. The intercept for REM duration at age 9 years was 97.5 (+/-2.0) minutes. As a result of the declining NREM duration and increasing REM duration, the REM:NREM ratio increased significantly (F 1,668 = 262, p<0.0001) by 0.016 per year from 0.22 at age 9 years.
Covariate evaluation
Controlling for the covariate "scorer" did not alter the significance of the age-related reductions in TST and NREM sleep duration which remained robust (p<0.0001). However, the significance of the increase in REM duration became somewhat weaker (p=0.0072). Statistically controlling for scorer had little effect on the parameter estimates for the intercept or slope of the age-related declines in TST or NREM sleep duration (Table 1) . Although subjects were instructed to keep their habitual school year schedule during the summer, their TST, NREM and REM durations were all significantly longer in summer recordings (Table 2) . However, these longer durations did not affect the age-related changes described above. When both summer recordings and scorer were statistically controlled, TST and NREM duration still declined significantly with age (p<0.0001), and the REM duration still increased significantly with age (p=0.0034) There were no significant sex differences in the age related declines in TST and NREM duration (p=0.067 and p=0.096) or in the age related increase in REM sleep duration (p=0.77).
The age decline for school-night NREM duration parallels that for NREM delta power
We previously reported that the decline in delta EEG power across late childhood and adolescence can be described with a Gompertz function that drops steeply from an upper to lower asymptote. Figure 3 shows that the age curve for NREM duration is similar to the curve we recently published NREM delta power. Both curves show little change between ages 9 and 11.5 yrs, then decline steeply to about age 16.5 yrs and then begin to flatten. We therefore fit a The decline in total school-night NREM duration and the increase in total REM duration imply corresponding changes in individual NREMPs and REMPs. Table 3 illustrates these changes.
There were significant age-related decreases in NREMP durations and age-related increases in REMP durations on school nights.
B. Extended sleep
First Extended Night: Figure 4 compares the age-related changes in sleep durations on school-nights and on the first extended night. Statistical analyses show that, with scorer variability controlled, TST on the first extended night increased across ages 9-18 years by an average of 10.6 (+/-1.8) min/year (p<0.0001) from its intercept of 540 minutes at age 9 years (Fig 4A) . Although our subjects showed longer NREM sleep durations on extended nights, these NREM durations did not change with age (p=0.81), hovering around an average of 442 (+/-8.3) min (Fig 4B) . In contrast, REM durations in extended sleep increased significantly (p<0.0001) with age by 9.9 min/year from 100 minutes at age 9 years (Fig 4C) . To clarify, NREM sleep duration on the first extended night was greater than on school-nights, but did not increase significantly with age. REM duration was also greater on the first extended night than on school-nights and did increase significantly with age. As on school-nights, the disproportionate age-related changes in NREM and REM durations on extended nights increased the REM:NREM ratio by 0.023 per year from 0.23 at age 9 years (p<0.0001).
Second Extended Night:
Compared to the first extended night, TST on the second extended night increased across adolescence at a slower rate, by 4.1 min/year (p=0.016) from 560 minutes at age 9 years. On the second extended night, NREM durations again did not change significantly (p=0.12) with age from 445 minutes at age 9 years. The age-trend suggested by the p=0.12 value was actually a decrease of 2.1 min/year. REM sleep on the second extended night again increased significantly with age, rising by 6.1 min/year (p<0.0001) from 113 minutes at age 9 years. Thus, on both the first and second extended nights, TST increased with age because REM durations increased with age.
Relation of sleep durations on extended and school-nights:
If increasing TST on the first extended night was a response to decreasing TST on school-nights, one might expect significant covariance between the age changes in these measures. We tested this possibility using bivariate mixed analysis. The results were non-significant. Using linear models, the age-dependent increase of TST on the first extended night did not co-vary significantly (p=0.92) with the agedependent decline in school-night TST. To maximize the possibility of detecting a relationship, we repeated the analysis for ages 11-16.5 years, the period in which both measures changed most steeply. Again, the changing TSTs did not co-vary significantly (p=0.12).
Discussion
These longitudinal data demonstrate that NREM and REM sleep durations exhibit distinctly different trajectories across adolescence on both school-night and extended sleep schedules. School-night NREM durations decline across adolescence, whereas REM durations increase slightly. The decline in NREM durations accounts for the reduction in TST across adolescence. These differential changes significantly increase the REM:NREM ratio.
On extended nights, subjects retired at their current school-night bedtimes but remained in bed for 12 hours, attempting to sleep as much as possible. This longer time in bed increases both NREM and REM durations above the school-night levels. However, extended-night NREM durations do not change with age, whereas REM sleep durations increase significantly. We will not discuss here the age changes in adolescent sleep EEG observed with experimenterimposed bed schedules (e.g. 7, 22) . Such studies provide useful information but they do not assess the changes in NREM and REM durations as school-night time in bed decreases across adolescence, which is a major focus of our study.
In what was perhaps the first longitudinal study of adolescent sleep EEG, Karacan et al (25) recorded school-night sleep EEG in seven boys 12.5 -15.8 and ten girls 14 -15.8 years of age. TST and percent slow wave sleep decreased across the four years along with a slight, nonsignificant increase in percent REM sleep. Two later large cross sectional EEG studies also reported decreased school-night TST across adolescence. These studies reported that slow wave sleep stage percentages (34) or duration (8) decreased, but REM percentage (34) or duration (8) did not change. These findings appear consistent with our results here. However, neither these nor previous investigators of adolescent sleep have reported that NREM and REM durations exhibit different trajectories across adolescence. This decline is similar in magnitude to the 10 min/year decline we measured in sleep EEG across the same age range in Davis, California.
A. Adolescent changes in NREM and REM durations on school-nights
NREM sleep duration: We show here that the decline in school-night TST across 9-18 years of age is entirely produced by declining NREM sleep durations. Before attempting to relate these sleep EEG changes to adolescent brain maturation, we emphasize that a selective loss of NREM sleep could not be produced by sleep restriction. We make this point because many investigators believe that that the dominant factor in adolescent sleep is sleep restriction that produces chronic sleep debt. We agree that it is likely that many, if not most, adolescents suffer some degree of sleep deprivation due to insufficient time in bed. One of our observationsdecreasing time awake after sleep onset -is consistent with this possibility, but another -the absence of an age-related decrease in sleep latency -is not. Nevertheless, sleep restriction could not have produced the differential age changes in NREM and REM durations we observed.
Experiments imposing acute or chronic limitations of time in bed disproportionately reduce REM rather than NREM sleep (1, 17, 36, 38) . The proportion of NREM sleep decreases in late sleep cycles at all ages so that truncating sleep disproportionately reduces REM rather than NREM sleep. However, our longitudinal data show that REM duration increases across adolescence and NREM durations decline. Moreover, our cycle analyses show that these changes result from significant age-dependent shortening of NREM periods 1-4 and lengthening of REMPs1-4. Such pervasive changes in the cyclic organization of sleep would not be expected from sleep restriction, nor have they ever been reported.
Parallel maturational curves of NREM duration and delta power: It is now widely accepted in sleep research that the steep decline in NREM delta power during adolescence reflects brain maturation. The similar adolescent trajectories of NREM duration and delta power supports the view that the brain maturation contributes to the adolescent decline in NREM duration. However, the absence of significant between-subject covariance in the two measures suggests that their age trends might reflect somewhat different maturational processes.
Alternatively, external factors such as changing sleep schedules may have a greater impact on NREM duration than on delta power. Whatever the factors involved, we think it unlikely that the parallel age curves of delta power and NREM duration result from chance.
Physiological significance of the decline in NREM duration across adolescence: Our 1974 model (10) proposed that NREM sleep performs a restorative function for changes induced during waking in plastic neuronal systems. The intensity of restorative processes is proportional to the level of high amplitude delta waves. The amount of restoration needed (i.e. the "substrate" for NREM sleep) depends both on prior waking duration and the intensity of waking neuronal activity (c.f. 15). The intensity of waking brain activity is directly proportional to waking cerebral metabolic rate (CMR). The notion that it is NREM sleep that reverses the effects of waking neuronal activity and that the intensity of the reversal process is proportional to high amplitude delta waves was later included in the "two-process" model, which proposed a second, circadian process and a mathematical formulation (3, 9).
Our 1974 model also holds that more intense waking brain activity, indicated by higher CMR, produces larger amounts of the "substrate" for NREM reversal. These high substrate levels produce more intense NREM sleep which is manifested by the high levels of NREM delta power at the onset of adolescence. Synaptic elimination during adolescence (23) decreases the intensity (CMR) of waking brain activity; this decreases the amount of substrate for NREM reversal. Lower levels of substrate decrease NREM intensity (delta power). They also reduce the total requirement for NREM reversal, reducing NREM duration. An analogous pattern occurs within the night: after the more intense (high delta power) NREM EEG wanes, NREM periods become shorter (10) .
The relation between waking CMR and NREM sleep we proposed gains interest because it is now known that CMR falls below waking levels by an average of 20-30 % in NREM sleep (4, 26) and by as much as 40% in its intense, high amplitude slow wave component (27) . The finding that NREM sleep is a hypometabolic state compared to both waking and REM sleep suggests that NREM achieves its restorative function through neuronal inactivity or "rest".
Alternatively, this recuperative function might involve processes of active synaptic restitution (c.f. 18, 28, 35) that require neurons to be "offline" in a hypometabolic state.
REM sleep durations: The finding that school-night REM sleep durations do not decline in the face of markedly decreasing NREM sleep durations adds to the challenge of understanding the enigma of REM physiology. One might be tempted to interpret this finding as indicating school-night REM duration is biologically critical and must be maintained through adolescent brain development. However, abundant data from studies of naps, total and partial sleep deprivation and extended sleep indicate that the duration of REM sleep is not closely regulated (see summary in 10). Thus, neither the "additional" (above baseline levels) REM duration provided by naps nor the huge increase in REM duration (to nearly twice baseline levels) in extended sleep delays the onset of REM in recovery sleep, or reduces its total amount (13) .
Similarly, the amount of REM lost in total and partial sleep deprivation does not increase REM durations in recovery sleep. Taken together, these findings indicate that the total quantity of REM sleep is not biologically critical. Nevertheless, it is also true that REM deprivation by repeated awakenings causes tenacious attempts to re-enter REM sleep. (Even in these experiments, subjects do not make up the lost REM durations when allowed recovery sleep.)
Elsewhere, we proposed that this pattern of REM behavior indicates that periodic episodes of REM sleep are required to allow NREM episodes to resume until the need for NREM recuperation has been met and we suggested several ways by which REM sleep might serve this function (19) . We acknowledge the speculative nature of this proposal and the need for more basic investigation into this active sleep state.
The plots of REM sleep duration for the two cohorts diverge between ages 13 and 15 years. This divergence prompted us to conduct several post-hoc statistical analyses on the agerelated change in REM sleep duration. Analyzing the cohorts separately showed that, despite the divergence, REM sleep increased with age in both the C9 (2.3 min/year, p<0.0001) and C12 cohorts (2.1 min/year, p<0.0001). Furthermore, including cohort as a grouping factor did not show a significant (p=0.71) cohort difference in the age-related REM sleep increase.
B. Adolescent changes in NREM and REM durations on extended nights:
Although EEG and eye movement patterns during extended sleep provide insights into sleep dynamics and are important in sleep theory (c.f. 2, 14, 39), these issues are not directly related to the maturational changes in NREM and REM durations that are our focus here. Our study reveals two new findings on the adolescent trajectories of NREM and REM durations in extended sleep. First, although NREM durations in extended sleep are longer than in schoolnight sleep, they do not change with age. Second, REM durations in extended sleep increase significantly across adolescence, producing an age-related increase in TST on extended nights.
Thus, in extended as well as in school-night sleep schedules, the trajectories of NREM and REM durations differ across adolescence.
The age-related increase in TST on the second extended night was smaller than that on the first. This finding raises the possibility that part of the age-related increase on the first extended night was a compensatory response to increasing sleep loss across adolescence, i.e. to the progressive decrease in TST, on school-nights. However, two observations argue against this interpretation. First, the age-related increase in TST on the first extended night was not significantly related to age-related reduction in TST on the preceding school-night. Second, it is declining NREM durations that reduce school-night TST across adolescence, but it is increasing REM durations that produce the age-related increase in TST on extended nights.
Since the age-related increase in REM durations in extended sleep is not attributable to sleep deprivation, it seems likely that it is another effect of adolescent brain maturation on sleep physiology. One possible mechanism is that brain development alters circadian systems to permit sleep to continue into the morning hours. Circadian activating signals from the suprachiasmatic nucleus increase arousal level and contribute to waking in the morning (9) . These signals might become weaker with brain maturation, allowing sleep extension. However, this explanation still leaves unanswered the question of why extended-night NREM duration remains unchanged and only REM duration increases across adolescence.
One possibility is that the essentially constant NREM duration in extended sleep indicates the amount of NREM biologically needed. In that case, NREM sleep durations become increasingly insufficient across adolescence so that by age 18 years, our subjects are suffering from an average of 100 min of NREM deprivation. Again, the finding that NREM durations in extended sleep do not increase across adolescence argues against this possibility. In fact, the nonsignificant trend for NREM duration on the second extended night (night 4) was negative; i.e. NREM duration was decreasing rather than increasing with age. The question of how much sleep adolescents need must be resolved with different experimental designs. The need for such investigations was emphasized by Olds et al (30) who emphasized the dearth of empirical data relating time in bed to biological sleep need across adolescence.
Perspectives and Significance
The findings here demonstrate anew the value of the sleep EEG as a non-invasive, relatively inexpensive tool for the study of brain maturation in human subjects (c.f. 12). These Format as in Fig 1. TST on extended nights increased with age as did the difference between TST on extended nights and school-nights. NREM duration on the extended night did not change with age. Differences between NREM duration on extended nights vs school-nights Analyses only included subject-nights with 4 complete sleep cycles. Format as in Table 1 .
